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INTRODUCTION 


Metal  matrix  composite  (MMC)- jacketed  steel  cylinders  have  been  designed 
and  fabricated  to  obtain  the  same  pressure  containment  as  steel  cylinders,  but 
with  much  less  weight.  The  manufacturing  and  testing  of  the  MMC- jacketed 
cylinder  program  has  been  summarized  in  a  Benet  Laboratories  technical  report 
(ref  1).  As  indicated  in  Table  I  (ref  1),  the  steel  has  a  density  of  0.28 
lb/in.3,  and  the  MMC  jacket  (continuous  silicon  carbide  wrapped  in  the  hoop 
direction  and  sprayed  with  6061  aluminum  alloy  matrix)  has  a  density  of  0.11 
lb/in.3.  The  ultimate  tensile  strength  (UTS)  is  178  Ksi  for  the  steel  and  217 
Ksi  for  the  MMC.  The  MMC  is  used  because  of  its  light  weight  (2.6  times  less 
than  steel)  and  its  comparable  UTS. 

In  this  report,  our  x-ray  diffraction  measurements  of  the  residual  stress 
using  a  position-sensitive  scintillation  detection  (PSSD)  system  are  presented. 
The  cylinders  were  subjected  to  various  pressure  cycles  and  then  autof rettaged 
end  thermal  soaked.  The  autofrettage  process  can  induce  favorable  residual 
stress  distribution  in  the  cylinders  and  improve  fatigue  and  fracture  behavior. 
Because  applied  and  residual  stresses  add  algebraically,  the  autofrettage  proce¬ 
dure  has  been  applied  to  increase  the  elastic  operating  pressure  of  a  system. 
However,  cylinders  subjected  to  heating  can  lose  residual  stress.  In  high  tem¬ 
perature  applications,  a  thermal  soak  process  is  applied  to  release  some  of  the 
residual  stress  generated  by  autofrettage  to  obtain  thermally-stable  components. 
Our  experimental  results  are  compared  with  predictions  from  a  model  based  on  the 
elastic  and  plastic  analyses  of  a  thick-walled  composite  tube  subjected  to 
internal  pressure.  The  effect  of  the  MMC  on  the  steel  liner  is  discussed. 


1 


TABLE  I.  COMPARISON  OF  MATERIAL  PROPERTIES  OF  STEEL  AND 
ALUMINUM/SILICON  CARBIDE  METAL  MATRIX  COMPOSITES 


Property 

Steel 

msm 

Weight  density  (lb/in.3) 

0.283 

0.11 

Ultimate  tensile  strength  (Ksi) 

178 

217 

(MMC  with  hoop  layup) 

Yield  strength  (Ksi) 

155 

- 

Young's  modulus  (Msi)- 
(MMC  with  hoop  layup) 

Ell 

30 

32 

E22 ,  E33 

19 

Poisson's  ratio- 

(MMC  with  hoop  layup) 

V12,  V13 

0.28 

0.25 

V21,  V31 

0.14 

V23 ,  V32 

0.36 

EXPERIMENTAL  METHOD 

A  D-IOOO-A  Denver  X-Ray  Instruments  Model  stress  analyzer  design  was  used 
based  on  a  Ruud-Barrett  PSSD.  The  instrumentation  and  experimental  methods  are 
described  in  References  2  and  3.  The  instrument  utilizes  a  miniature  x-ray  tube 
that  fits  inside  a  cylinder  with  a  3.70-inch  interior  diameter.  The  operating 
principles  for  this  detection  system  consist  of  converting  incident  x-rays  into 
ligh+  through  cadmium-zinc  sulfide  scintillation  coating;  transporting  this 
light  to  a  detector  package  through  fiber  optics  bundles;  amplifying  the  light 
intensity  through  an  image  intensifier;  and  converting  it  into  an  electronic 
signal  through  a  512-element  reticon  photodiode  array.  The  instrument  uses  a 
chromium  target  tube  and  can  exploit  x-ray  sources  of  100  watts  or  less,  thus 
providing  a  very  short  data  collection  time  interval.  The  characteristic  x-ray 
radiation  from  the  chromium  tube  does  not  fluoresce  any  major  alloys  in  steel. 
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The  chromium  K-a  reflects  from  the  211  plane  of  the  body-centered-cubic  (BCC) 
carbon  steel  and  the  211  plane  of  the  BCC  martensitic  steel  at  26  =  156.41 
degrees.  The  divergent  x-ray  beam  was  collimated  by  a  square  slit;  the  irra¬ 
diated  area  at  the  specimen  was  approximately  (1/16) *  in.*. 

An  IBM  AT  computer  is  connected  to  the  system  for  data  acquisition, 
control,  storage,  and  analysis.  The  instrumentation  allows  both  single-exDosure 
and  multiple-exposure  (sin2iJ0  methods  of  residual  stress  determination.  In  the 
single-exposure  technique,  residual  stress  is  determined  from  two  x-ray  diffrac¬ 
tion  patterns  obtained  simultaneously  in  a  single  exposure.  In  the  sin2'!/  tech¬ 
nique,  stress  is  determined  from  diffraction  patterns  obtained  at  multiple 
angles  of  inclination.  The  diffraction  peaks  are  noise-  and  gain-corrected. 
Typical  data  collection  time  for  a  steel  sample  is  2  to  3  seconds.  In  addition, 
the  software  uses  a  number  of  algorithms  to  correct  electronic  and  mechanical 
hardware  fluctuations,  x-ray  focusing  errors,  and  effects  due  to  polarization 
and  absorption.  A  parabolic  fit  taking  50  percent  of  the  upper  part  of  the 
diffraction  peak  is  used  to  make  the  final  peak  determination. 

In  this  report,  stress  distribution  measurements  were  made  in  the  steel 
liner  using  the  single-exposure  technique.  The  bore  and  interface  stresses  were 
further  confirmed  by  sin*ijf  measurements.  In  the  latter  method,  four  /3  angles  at 
12,  20,  27,  and  33  degrees,  giving  eight  data  points  for  the  linear  regression 
fit  were  used.  The  0  angle  is  the  angle  between  the  specimen  surface  normal  and 
the  incident  x-ray  beam.  In  addition  to  the  system  software,  SYMPHONY  and 
FREELANCE  software  were  used  for  data  analysis  and  graphics. 

CYLINDER  PROCESSING  HISTORY 

The  geometry  of  the  jacketed  cylinders  is  shown  in  Figure  1.  The  cylinders 
are  ASTM  A723  steel  forging  approximately  one  foot  long,  with  a  bore  diameter  of 


3 


4.5  inches,  a  steel  liner  thickness  of  0.4  inch,  and  an  MMC  jacket  thickness  of 
0.2  inch.  This  geometry  gives  a  2.25-inch  steel  liner  inside  radius,  a 
2.65-inch  steel/MMC  interface  radius,  and  a  2.85-inch  MMC  outside  radius.  As  a 
result,  the  steel  liner  has  64  percent  of  the  total  volume  and  82  percent  of  the 
total  weight,  while  the  MMC  has  36  percent  of  the  total  volume  and  18  percent  of 
the  total  weight.  The  total  component  weight  savings  of  the  compound  cylinder 
compared  to  an  all-steel  cylinder  is  22  percent.  The  liner  was  wraoped  directly 
with  the  silicon  carbide  fibers  in  the  circumferential  direction,  and  the  6061 
aluminum  alloy  matrix  was  applied  by  plasma  soray.  The  monofilament  reinforcing 
silicon  carbide  fibers  were  0.0056  inch  in  diameter  and  occupied  47  percent  of 
the  total  MMC  volume.  The  steel  cylinders  were  manufactured  by  Benet 
Laboratories,  while  the  MMC  wrapping  was  done  by  Textron  Specialty  Materials 
Division  (Lowell,  MA).  Interlayers  were  plated  on  the  liners  consisting  of 
0.001  to  0.002  inch  of  nickel,  silver,  and  aluminum/10  percent  silver  alloy. 

The  purpose  of  the  interlayers  was  to  create  a  better  bond  and  to  reduce  gal¬ 
vanic  corrosion  between  the  jacket  and  the  liner. 


Figure  1.  Jacketed  cylinder  geometry. 
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The  cylinders  were  pressurized  in  increments  over  various  pressure  ranges 
before  autofrettage,  followed  by  hydraulic  autofrettage  and  thermal  soak  opera¬ 
tions.  Table  II  gives  the  processing  history  of  these  cylinders. 


TABLE  II.  CYLINDER  PROCESSING  HISTORY 


Cylinder  No. 

3AE2 

3AE5 

3AA 

3AN 

Pressure  history  (Ksi) 

14-33 

14-33 

16-35 

16-35 

Autofrettage  pressure  (Ksi) 

37.1 

37.1 

38.6 

39.3 

Thermal  soak  (4  hrs) 

700°F 

600°F 

SPECIMEN  PREPARATION 

To  measure  the  surface  residual  stress  through  the  cross  section  normal  to 
the  cylinder  axis,  1-inch  thick  rings  were  cut  from  the  middle  section  of  the 
cylinders.  One  sample  each  was  obtained  from  3AA  and  3AN ,  and  two  were  cut  from 
3AE,  for  a  total  of  four  rings.  The  rings  were  cut  at  Benet  Laboratories  on  an 
Agie  DEM315  travelling  wire  electrostatic  discharge  machine,  which  can  produce 
strain-free  samples  with  minimum  mechanical  and  thermal  damage.  The  ring  sur¬ 
face  was  polished  manually  with  sandpaper  and  then  electropol ished  to  remove 
surface  effects  due  to  sanding,  machining,  and  oxidation.  It  was  then  washed 
with  acetone,  alcohol,  and  distilled  water.  The  electropolishing  setup  was  as 
fol lOWS: 


anode 

cathode 

solution 

current  density 

temperature 

agitation 


specimen  to  be  polished 
lead 

50%  H3PO4  (85%  concentration) 
25%  H2SO4  (98%  concentration) 
25%  H20 

30  to  90  amp/dm2 
room 

no  external 
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CALIBRATION  AND  VERIFICATION  PROCEDURE 


A  four-point  bend  experiment  was  formed  to  determine  the  elastic  stress 
constant  for  the  steel  BCC  211  plane  and  to  test  the  x-ray  method.  A  1-inch  by 
6-inch  by  3/16-inch  thick  steel  sample  was  used.  An  electrical  strain  gauge  was 
applied  to  the  specimen  adjacent  to  where  the  x-ray  measurements  were  made. 
Four-point  bending  generated  tensile  and  compressive  stresses  between  +100  Ksi 
and  -100  Ksi.  From  the  slope  of  the  calibration  curve,  we  determined  the 
elastic  modulus,  E,  to  be  30.7  Msi  (211.8  Gpa).  The  linear  regression  corre¬ 
lation  coefficient  was  better  than  0.95.  To  verify  the  x-ray  method,  four-point 
bend  stress  measurements  using  x-ray  method  versus  strain  gauge  method  are 
plotted  in  Figure  2.  The  agreement  is  very  good,  with  a  linear  regression 
correlation  coefficient  of  0.97. 


EXPERIMENTAL  RESULTS 

The  hoop  residual  stress  distributions  in  the  steel  liner  as  functions  of 
the  radial  distance  from  the  center  of  the  cylinder  are  given  in  Figures  3 
(3AE02),  4  (3AE05),  5  (3AA),  and '  6  (3AN).  In  these  figures,  each  experimental 
point  represents  the  average  of  five  measurements  taken  at  two-second  intervals. 
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The  error  bars  represent  the  dispersion  in  the  measurements  but  do  not  include 


alignment,  focusing  errors,  and  effects  due  to  surface  irregularities.  The 
solid  curves  are  discussed  later. 


RADIAL  DISTANCE  (Inch) 

Figure  3.  The  measured  3AE02  hoop 
residual  stress 
distribution. 


Figure  5.  The  measured  3AA  hoop 
residual  stress 
distribution  with  a  line 
superimposed  showing  the 
predicted  stress 
distribution. 


RADIAL  DISTANCE  (inch) 

Figure  4.  The  measured  3AE05  hoop 
residual  stress 
distribution. 


RADIAL  DISTANCE  (inch) 


Figure  6.  The  measured  3AN  hooo 
residual  stress 
distribution  with  a  line 
superimposed  showing  the 
predicted  stress 
distribution. 
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It  can  be  seen  from  our  results  that  residual  stress  has  been  induced  at 


the  bore  of  the  cy'i;nders,  diminishing  and  changing  to  tensile  stress  toward  the 
outer  edge  of  the  steel  liner.  In  cylinders  3AE02  and  3AE05,  which  were 
autofrettaged  and  thermal  soaked,  both  compressive  and  tensile  stresses  were 
observed  in  the  steel  liner.  In  cylinders  3AA  and  3AN,  which  were  only 
autofrettaged,  the  residual  stresses  in  the  steel  liner  were  mostly  comoressi ve . 
The  characteristics  of  the  distribution  curves  are  similar  to  those  for 
autofrettaged  steel  cylinders  in  the  literature  (ref  4). 

Plots  of  strain  versus  sin2<i»  from  the  bore  are  given  in  Figure  7  (3AE05, 
3AN),  and  plots  of  the  steel/MMC  interface  are  given  in  Figure  8  (3AE05,  3AN) . 
From  the  slope  of  the  (D-DP)/DP  versus  sin2i|>  plot,  where  DP  is  the  perpendicular 
d  spacing,  compressive  stresses  at  the  bore  are  -17  Ksi  (3AE05)  and  -35  Ksi 
( 3AN ) ,  and  tensile  stresses  at  the  interface  are  14  Ksi  (3AE05)  and  0.5  Ksi 
( 3AN ) .  We  used  our  previously-determined  Young's  modulus  (30.7  Msi)  for  the 
steel  211  plane.  The  correlation  coefficients  for  the  linear  regression  fit  for 
all  the  curves  were  better  than  0.95  except  the  3AN  interface  which  was  0.46. 


Figure  7.  Sin2ty  determination  of 

stresses  at  the  cylinder 
bore. 


Figure  8.  Sin2i</  determination  of 
stresses  at  the 
interface. 
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The  autofrettage  pressure  for  cylinders  3AA  and  3AN  was  38.6  Ksi  and  39.3 

Ksi ,  respectively.  Comparing  Figures  5  and  6,  compressive  residual  stresses  5 

to  10  Ksi  less  were  generated  in  3AA  than  in  3 AN.  Comparing  Figures  3  and  A 

with  Figure  6,  compressive  residual  stresses  approximately  15  to  20  Ksi  less 

were  generated  in  3AE02  and  3AE05  than  in  3AN.  The  theory  in  the  next  section 

# 

predicts  less  compressive  residual  stresses  for  smaller  autofrettage  pressures. 
Moreover,  less  stress  was  observed  in  3AE02  and  3AE05  than  in  3AA  and  3AN  for 
the  following  reasons:  (1)  less  autofrettage  pressure  in  3AE02  and  3AE05  (37.1 
Ksi);  (2)  thermal  relaxation  in  3AE02  and  3AE05  causing  residual  stress  relief 
(refs  5,6);  and  (3)  possible  gap  formation  between  the  liner  and  jacket  due  to 
the  thermal  process.  No  difference  was  observed  in  the  residual  stresses  in 
3AE02  and  3AE05,  which  were  thermal  soaked  at  700°F  and  600°F,  respectively. 

THEORETICAL  CONSIDERATION 

Figure  9  shows  how  the  compound  cylinder  problem  can  be  decomposed  into  two 
parts:  (1)  a  steel  cylinder  with  internal  applied  pressure  p  and  a  pressure  q 
acting  on  the  steel  by  the  MMC,  and  (2)  the  MMC  with  a  pressure  q  acting  on  the 
MMC  by  the  steel  cylinder.  We  compare  our  experimental  results  with  two  theo¬ 
retical  models. 


a  >2.25  Inch  b  ■  2.65  Inch  c>  2.85  Inch 

Figure  9.  Decomposition  of  composite/steel  cylinder. 


9 


The  analytical  predictions  obtained  from  an  elastic-plastic  deformation 
autofrettage  model  (ref  7)  are  superimposed  on  the  experimental  distribution 
data  in  Figures  5  and  6.  The  calculations  based  on  this  model  utilized  the 
elastic  constants  in  Table  I  and  assumed  the  MMC  was  elastic.  For  the 
autofrettage  pressure  range  of  37.1  Ksi  to  39.7  Ksi,  the  steel  cylinder  can  be 
considered  fully  plastic.  Experimental  results  compared  we-1 1  with  theoretical 
curves  to  within  +10  Ksi. 

The  theoretical  distribution  of  residual  stresses  based  on  Tresca's  yield 
criterion  was  reported  by  Davidson  et  al.  (ref  8).  We  obtained  theoretical 
curves  by  assuming  an  all-steel  monoblock  100  percent  overstrain  autofrettage 
model.  In  this  model,  the  cylinders  are  considered  fully  plastic  and  the  hoop 
residual  stress  distribution  is  given  by 

-loa  w  b2  b 

Jt  =  tfy  i7  (1  +  +  (1-log  -) )  (1) 

where  cr*  =  hoop  stress,  ay  =  yield  strength,  w  =  b/a,  and  a,b,r  =  bore,  outside, 
and  variable  radius,  respectively. 

Figure  10  gives  the  theoretical  predictions  based  on  this  simple  monoblock 
autofrettage  model  assuming:  (1)  the  cylinder  consists  of  the  steel  liner  only 
and  extends  to  a  radius  of  2.65  inches  (top  curve),  and  (2)  the  steel  extends 
through  the  cylinder  to  a  radius  of  2.85  inches  (bottom  curve).  We  used  155  Ksi 
as  the  yield  strength  for  steel.  The  experimental  stress  distribution  results 
for  cylinders  3AA  and  3AE02  are  superimposed  on  the  analytical  curves.  The 
3AE02  data  points  fall  closely  to  the  top  monoblock  curve,  while  the  3AA  data 
points  fall  more  closely  to  the  lower  monoblock  curve. 
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Figure  10.  Monoblock  plastic  deformation  calculations  with  2AA  and 
3AE02  hoop  residual  stress  distributions  superimposed. 

DISCUSSION 

As  indicated  in  Figure  10,  in  an  all-steel  plastic  deformation  autofrettage 
model,  the  compressive  stress  at  the  bore  is  balanced  by  the  tensile  stress  at 
the  outer  part  of  the  cylinder.  A  comparison  of  the  zero  crossings  in  our 
stress  distribution  curves  indicates  that  in  an  MMC  steel  cylinder,  tensile 
stress  has  been  transferred  into  the  MMC.  From  a  consideration  of  the  area 
under  the  stress  curve  in  cylinders  3AE02  and  3AE05  (Figures  3  and  4), 
approximately  40  percent  of  the  tensile  residual  stress  has  been  transferred. 

In  cylinders  3AA  and  3AN  (Figures  5  and  6),  almost  100  percent  of  the  tensile 
stress  has  been  transferred  into  the  MMC. 

If  we  assume  that  the  residual  stress  is  approximately  uniform,  and  the  net 
compressive  stress  in  the  steel  cylinder  is  balanced  by  the  tensile  stress  in 
the  MMC,  then  we  can  estimate  the  average  tensile  stress  in  the  MMC  cylinder. 

The  results  are  as  follows:  6  Ksi  (3AE02,  3AE05),  30  Ksi  (3AA) ,  42  Ksi  (3AN). 

In  the  autofrettage  process,  the  bore  is  plastically  enlarged  and  the  MMC 
is  elastically  enlarged  due  to  the  internal  hydraulic  pressure.  As  this  inter¬ 
nal  pressure  is  released,  the  outer  MMC  attempts  to  contract  elastically  to  its 
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original  dimension.  The  steel  near  the  bore,  which  has  been  deformed  the 
most,  resists  this  action.  This  results  in  compressive  hoop  residual  stress 
near  the  bore  and  changes  to  tensile  stress  near  the  outer  surface.  Since  our 
3AA  and  3AN  results  compare  favorably  with  theoretical  predictions  (ref  7),  it 
appears  that  the  model  can  be  used  to  describe  the  autof rettaged  compound 
pyl inder . 

In  the  thermal  soak  process,  thermal  stresses  are  added  to  tne  residua1 
stresses  and  exceed  the  lower  yield  strength  at  elevated  temperatures ,  per¬ 
mitting  thermal  relaxation  in  steel  and  aluminum.  This  causes  the  loss  of  bore 
expansion  and  compressive  residual  stresses  in  autof rettaged  cylinders.  The 
fact  that  3AE02  was  thermal  soaked  for  4  hours  at  700°F,  and  the  close  com¬ 
parison  of  3AE02  data  with  the  top  monoblock  curve  in  Figure  10,  suggest  a 
possible  gap  formation  at  the  steel/MMC  interface.  If  this  occurs,  the  liner  is 
dissociated  from  the  jacket,  and  the  monoblock  model  can  adequately  interpret 
the  3AE02  data.  The  effect  of  thermal  relaxation  on  autofrettage  in  a  compound 
cylinder  should  be  investigated  further  both  experimentally  and  theoretically. 
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